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INTRODUCTION 
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Vibration  problems  in  fan,  compressor,  and  turbine  blades 
of  jet  engines  occur  more  frequently  as  the  performance 
requirements  increase.  This  is  especially  true  for  the  newer 
high  thrust-to-weight-ratio  engines,  and  will  be  especially 
severe  for  blades  with  variable  geometry.  Efforts  to  design 
around  resonant  vibration  problems  to  the  maximum  extent  possible 
are  always  necessary,  but  in  the  absence  of  a  rational  method 
for  predicting  the  damping  in  the  various  modes  of  vibration  it 
will  always  be  difficult  to  be  completely  successful.  Hence, 
design  changes  incorporated  for  reducing  stresses  can  cause 
unpredictable  reductions  in  modal  damping  which  cancel  the 
expected  reduction  in  stress  level.  Furthermore,  the  random 
variation  of  modal  damping  from  blade  to  blade  in  a  single  disc 
is  so  great  (a  factor  of  five  or  more)  that  even  highly  signifi¬ 
cant  changes  of  stress  resulting  from  design  changes  can  be 
negated.  This  means  that  research  into  the  sources  of  blade 
deunping,  as  well  as  into  means  of  increasing^ that  damping,  is 
currently  attracting  considerable  attention. 

One  important  damping  mechanism  is  the  sliding  friction 
between  mating  surfaces  on  adjacent  blades,  or  between  the  disc 
and  the  blades.  The  phenomena  involved  are  highly  nonlinear, 
and  many  analytical  techniques  and  experimental  methods  have  been 

n  21 

reported  in  recent  times.  Goodman  and  Klump1  *  J  discuss  slip 

between  pressfitted  beams.  Williams  and  Earles  have  examined 

analytically  and  experimentally  the  effect  of  slip  on  the  response 
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of  a  simple  cantilevered  beam  with  integral  "clippers"1  *  . 

Beards  and  Williams  studied  the  interfacial  slip  in  joints^* 

Some  other  relevant  works  are  described  in  References  6  to  11. 

Muszynska  and  Jones  have  proposed  a  discrete  model  based  on 
lumped  masses  to  predict  the  dynamic  response  of  a  single  jet 
engine  turbine  or  compressor  blade  to  harmonic  excitation  by  an 
external  force  and  with  restraint  provided  by  a  dry  friction  link 
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to  ground  (References  12-20) .  The  discrete  model  is  then 
used  as  a  basis  to  characterize  the  nonlinear  response  of  a  set 
of  several  blades  connected  at  their  roots  to  a  rigid  disk,  and 
having  dry  friction  coupling  from  blade  to  blade  and  from  blade 
to  ground.  The  nonlinear  differential  equations  of  motion  of 
the  system  are  transformed  into  a  set  of  nonlinear  algebraic 
equations  which  are  solved  numerically  using  the  iterative  method. 

The  finite  element  method  was  used  to  analytically  predict 
vibration  frequencies,  mode  shapes,  and  system  damping  of  a  single 
shrouded  fan  blade  using  the  NASTRAN  computer  program  (Reference  21) . 
Other  relevant  work  based  on  finite  element  methods  is  reported  in 
References  22  to  24. 

Some  effects  of  interface  preparation  on  friction  damping 

r  26 1 

in  joints  are  reported  by  Beards 1  1 .  Some  of  the  experimental 

work  on  material  damping  and  vibration  of  turbine  blades  are 
discussed  in  References  27  to  31. 

The  purpose  of  this  program  effort  was  to  perform  a  combined 
analytical/experimental  investigation  to  study  the  influence  of 
friction  applied  at  the  platform  of  a  cantilever  beam  on  the 
dynamic  response  behavior  under  harmonic  excitation.  The  test 
beam  was  supported  at  the  end  block,  simulating  centrifugal  force 
blade  clamp-up  at  the  disk  during  operating  conditions.  The 
platform  at  one-third  span  provided  a  friction  rub  surface  during 
vibration,  simulating  blade  platform  mass  and  platform  to  disk 
friction  damping.  The  purpose  of  the  test  was  to  study  the 
dynamic  response  of  the  beam  to  an  oscillating  harmonic  force 
applied  at  the  beam  tip  in  the  fundamental  mode  of  vibration. 

Normal  load  was  applied  in  increments  to  the  friction  surface  by 
a  dead  weight  system  that  acted  on  the  rub  block.  Tip  acceleration 
measurements  were  made  for  a  series  of  frequency  sweeps  from 
50  to  500  Hz  for  each  increment  of  the  normal  load,  until  lockup 
occurred. 

An  accurate  measure  of  the  coefficient  of  friction  for  each 
surface  condition  used  in  the  blade  tests  was  needed.  Therefore,, 
a  test  method  was  established  to  experimentally  determine  the 
coefficient  of  friction. 
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The  analytical  part  of  the  investigation  examined  the  use 
of  a  simple  2  mass-2  spring  blade  model  with  Coulomb  type  friction 
forces  at  the  beam  platform.  The  equations  of  motion  derived  on 
the  basis  of  this  simple  model  were  solved  by  a  method  of  harmonic 
balance  assuming,  in  effect,  that  under  cyclic  excitation  the 
blade  will  exhibit  cyclic  response  at  the  same  frequency.  The 
solution  so  obtained  was  examined  numerically  to  determine  the 
frequency  range  over  which  the  slip  occurred  and  also  to  determine 
the  optimal  value  of  the  friction  force  for  which  the  tip 
amplitude  of  the  beam  had  a  minimum  value.  The  qualitative 
agreement  between  analysis  and  experiment  was  found  to  be  good 
for  the  fundamental  mode  of  the  blade. 

The  outcome  of  this  investigation  was  that  one  can  predict 
the  dynamic  response  of  a  simple  cantilever  blade  with  the 
lumped  mass  method  used  in  this  program,  provided  the  appropriate 
modal  information  was  either  measured  through  experimental  test 
or  predicted  by  more  detailed  analytical  procedures  such  as  finite 
element  methods. 


2.  VIBRATING  BEAM  TESTS 

The  vibrating  beam  friction  damping  test  mechanism  consi&ts 
of  a  clamped  end  cantilever  beam  designed  to  simulate  a  turbine 
blade  operational  system,  with  a  friction  rub  block  and  its 
restraint  system  installed  to  simulate  a  blade-to-disk  friction 
damper.  There  has  been  an  evolution  of  both  the  test  beam  and 
the  friction  damper  system  during  the  program. 

The  test  beam  design  is  shown  in  Figure  1.  The  aluminum 
beam  is  designed  to  be  clamped  at  the  end  block,  simulating 
centrifugal  force  blade  clamp-up  at  the  disk  during  operating 
conditions.  The  concentrated  mass  at  one-third  span  provides  a 
friction  rub  surface  during  vibration,  simulating  blade  platform 
mass  and  platform  to  disk  friction  damping.  The  blade  has  a 
first  mode  bending  frequency,  with  no  platform  restraint,  at 
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with  the  second  mode  bending  frequency  occurring  at  370  Hz. 
the  platform  is  fully  restrained,  simulating  lockup  of  a 
form  friction  damper,  the  first  bending  mode  of  the  outboard 
.on  of  the  beam  occurs  at  160  Hz. 

The  platform  damper  system  consists  of  a  rub  block  that  is 
rained  from  moving  in  the  plane  of  the  friction  surface  by 
.  pins  that  are  closely  fitted  to  machined  slots  in  a  heavy 
tless  steel  support  block.  The  pins  and  slot  surfaces  are 
shed  and  lightly  oiled.  The  rub  block  is  free  to  rotate 
;  the  restraining  pin  axis.  Normal  load  is  applied  to  the 
:ion  surface  by  a  dead  weight  system  that  acts  on  the  rub 
:  through  thin  copper  wires  looped  around  the  rub  block  pins, 
iceptual  sketch  and  photograph  of  the  system  are  presented 
.gures  2  and  3  respectively. 

The  friction  damper  block  was  originally  conceived  as  being 
rtangular  prism  with  a  slot  cut  in  the  center  for  the  free 
>f  the  beam  to  extend  through.  When  that  block  was  used  in 
ribration  test  setup,  damping  was  extremely  high  at  very 
lormal  force  loading.  It  was  postulated  that  a  large 
it  of  vibration  energy  was  being  used  to  rotate  the  damper 
:  as  the  beam  rotated  in  bending  about  the  fixed  cantilever 
:.  The  block  cross-section  then  was  cut  on  a  taper  from 
Lxis  of  rotation  to  the  upper,  lower,  and  side  edges. 

Figure  4)  greatly  reducing  its  rotational  inertia.  Data 
friction  damping  was  acquired  over  a  range  of  normal  loads 
the  rectangular  and  the  tapered  rub  blocks. 

When  data  from  both  the  rectangular  and  tapered  rub  block 
t  showed  disagreement  with  data  generated  by  computer  runs 
te  lumped  mass  analytical  program,  it  was  decided  to 
.cate  a  beam  and  rub  block  having  a  mating  curvature  equal 
te  radius  from  the  fixed  cantilever  point  of  the  beam. 

>  no  rotation  would  be  induced  in  the  rub  block  for  low 
ition  amplitude  of  the  platform,  it  was  hoped  the  test  data 
somputer  generated  data  for  this  system  would  show  close 
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Figure  2.  Vibrating  Beam  Test  Setup. 
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agreement.  The  curved  platform  oeam  and  curved  surface  rub  block 
are  shown  in  Figures  5  and  6,  respectively.  Figures  7  and  8  show 
the  two  beam  types  and  3  rub  block  types  used  in  tests. 

The  data  collected  from  these  three  test  setups,  i.e.  the 
rectangular,  tapered,  and  curved  rub  block  test  setups,  is 
presented  and  discussed  later  in  Section  5. 

The  instrumentation  system  used  to  collect  experimental 
data  from  the  vibrating  beam  test  setups  is  shown  schematically 
in  Figure  9.  The  beam  is  driven  in  forced  vibration  by  an  electro¬ 
magnetic,  exciter  acting  on  a  small  steel  disk  glued  to  the  free 
end  of  the  beam.  The  electromagnetic  exciter  is  powered  by  an 
oscillator  sine  wave  output  signal  acting  through  a  power  amplifier. 
Beam  response  is  monitored  by  a  miniature  accelerometer  installed 
near  the  free  end  of  the  beam.  Both  the  beam  maximum  acceleration 
response  and  the  modal  damping  (half  power  point  bandwidth  method) 
can  be  measured  during  slow  frequency  sweeps  with  constant  exci¬ 
tation  force  applied.  This  data  can  be  obtained  for  various 
normal  loading  conditions  of  the  friction  surface,  from  unloaded 
to  lockup,  and  for  various  conditions  of  lubrication  of  the 
simulated  platform  and  friction  damper  surfaces. 

The  usual  set  of  data  that  has  been  recorded  consists  of 
a  series  of  frequency  sweeps  from  50  to  500  Hz  for  a  given  beam 
and  rub  block  surface  condition,  each  sweep  having  been  made 
with  a  different  normal  load  applied  to  the  rub  block.  The  same 
excitation  force  and  accelerometer  circuit  sensitivity  was  used 
during  the  recording  of  all  the  data.  The  data  set  was  recorded 
on  the  X-Y  plotter,  as  shown  in  Figure  10.  As  shown  in  this 
figure,  two  resonance  peaks  occur  near  the  free  beam  resonances 
for  very  light  normal  load  on  the  friction  surfaces.  As  the 
normal  load  increases  for  successive  sweeps,  the  amplitude 
decreases  and  the  resonance  frequency  increases  for  the  first 
bending  mode  vibration.  Amplitude  increases  again  as  the 
lockup  condition  is  approached  until  lockup  occurs  during  the 
Ho.  16  sweep  for  this  test  condition  at  a  normal  load  of  0.406  lb 
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Figure  5.  Curved  Platform  Beam 
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Figure  6 .  Curved  Surface  Rub  Block 
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Figure  7.  Beams  with  Flat  Surface  (left)  and  Curved  Surface  Platforms. 


Rectangular,  Tapered,  and  Curved  Surface  Rub  Blocks. 


(Sine  Have  Freq.  Sweep) 


Figure  9.  Vibrating  Beam  Instrumentation  System 
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on  the  friction  surfaces.  The  lockup  resonance  represents  the 
first  bending  mode  frequency  of  the  section  of  the  test  beam 
outboard  of  the  platform.  The  remaining  data  sets  are  presented 
in  Section  5. 

Half  power  bandwidth  measurements  of  the  loss  factor  (n) 
were  made  for  the  first  three  bending  modes  of  the  free  beam. 

The  values  obtained  were: 

ni  *  0.0028  @  68  Hz; 

n2  ■  0.0015  @  368  Hz; 

n  -  0.0008  @  993  Hz. 
s 

These  loss  factor  values  represent  hysteretic  damping  in  the 
beam  material  augmented  by  a  small  amount  of  air  damping  and 
possibly  some  very  small  amount  of  damping  occurring  at  the  fixed 
end  clamp.  Aluminum  material  hysteretic  damping  is  of  the  order 
of  .0001. 

Mode  shape  data  was  taken  on  a  Hewlett-Packard  Model  5 45 IB 
Fourier  Analyzer  for  the  curved  platform  beam.  The  mode  shapes 
for  the  first  three  bending  modes  are  shown  in  Figure  11.  The 
data  was  taken  using  the  impact  hammer  method,  it  can  be  seen 
that  platform  motion  occurs  during  all  these  bending  deflections. 

3.  COEFFICIENT  OF  FRICTION  EVALUATIONS 

A  very  simple  mechanism  was  fabricated  to  determine  the 
coefficient  of  friction  for  aluminum  surfaces,  bare  and  with 
various  lubricating  films  on  the  surfaces.  The  mechanism 
consists  of  a  two-inch  square  aluminum  block  sliding  on  a  flat 
aluminum  plate.  The  block  is  fixed  by  attaching  it  with  a  wire 
to  a  miniature  load  cell  which  was  fabricated  and  calibrated 
by  UDRX.  The  plate  is  slid  under  the  block  manually  in  a 
horizontal  direction  parallel  to  the  block-to-load  cell  attach¬ 
ment  wire.  Normal  load  force  on  the  friction  surface  is  varied 


by  placing  weights  on  top  of  the  test  block.  Friction  force  is 
recorded  on  a  strip  chart  recorder  as  the  plate  is  slid  under  the 
test  block  with  various  normal  loads  and  at  various  sliding 
speeds .  A  sketch  of  the  apparatus  is  shown  in  Figure  12 . 

The  test  instrumentation  is  shown  schematically  in  Figure  13. 
It  consisted  of  a  strain  bridge  balance  and  differential  amplifier 
driving  an  X-Y  recorder  in  the  Y  direction  with  a  ramp  function 
corresponding  to  elapsed  time  driving  the  recorder  in  the  X 
direction.  The  load  cell  readings  also  could  be  monitored  by  a 
digital  volt  meter  (DVM) .  The  load  cell  was  calibrated 
statically  with  deadweights  and  a  standard  parallel  resistor 
calibration  step  was  used  to  relate  the  test  data  to  the 
calibrated  circuit  sensitivity. 

A  set  of  test  data,  recorded  with  Teflon  backed  tape 
installed  to  the  test  block  and  slide  plate  mating  surfaces,  is 
shown  in  Figure  14.  Successive  data  points  represent  approximately 
six  inch  slides  of  the  plate  under  the  test  block  as  increasingly 
heavy  weights  are  placed  on  top  of  the  block.  The  maximum 
weight  represents  a  pressure  of  about  2.25  psi  over  the  surface 
of  the  two  inch  square  block.  This  range  of  pressures  is 
representative  of  those  used  to  date  in  the  vibrating  beam  tests. 
The  average  deflection  reading  for  each  slide  was  faired  through 
the  data  record  by  hand  and  the  friction  force  in  pounds  was 
calculated  using  the  calibration  step  deflection  reading. 

Division  of  the  friction  force  (F)  by  the  applied  weight  (N)  then 
yields  the  coefficient  of  friction  for  that  slide  from  the 
relationship:  F  =  yN  or  y  ■  F/N.  The  sixteen  values  of  y  thus 
determined  then  were  averaged  to  give  the  average  coefficient  of 
friction  (y)  for  the  data  set  taken  with  a  particular  surface 
condition  on  the  mating  test  block  and  slide  plate  surfaces. 

The  average  coefficient  of  friction  was  evaluated  for 
seven  different  surface  conditions  of  the  rolled  aluminum  plate 
test  block  and  slide  plate.  Those  seven  surface  conditions  were: 
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Figure  13  .  Coefficient  of  Friction  Instrumentation 
Setup 
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dry  aluminum  in  the  "as  rolled"  condition;  with  a  coating  of 
teflon  particles  in  an  organic  binder;  with  teflon  backed  tape; 
with  a  dry  molybdenum  disulfide  powder  coating;  with  a  water 
film;  with  a  wet  graphite  suspension  in  light  mineral  oil;  and 
with  a  light,  dry  graphite  coating  after  the  mineral  oil 
evaporated.  In  most  cases  two  or  three  data  sets  were  taken 
for  each  surface  condition  and  the  results  were  averaged.  The 
results  of  all  the  testing  are  shown  in  Table  1.  Bare  aluminum 
surfaces  (average  y  of  0.24)  or  teflon  tape  coated  surfaces 
(average  y  of  0.19)  have  been  used  in  all  the  vibrating  beam 
friction  damping  tests  conducted  thus  far. 

TABLE  1 

AVERAGE  COEFFICIENTS  OF  FRICTION  (y) 

FOR  ALUMINUM  BEARING  SURFACES 


LUBRICANT  y 

DRY  ALUMINUM,  AS  ROLLED  .241 

TEFLON  PARTICLES  IN  ORGANIC  BINDER  .178 

TEFLON  BACK  TAPE  .190 

MOLYBDENUM  DISULFIDE  POWDER  .242 

WATER  FILM  .187 

GRAPHITE/OIL  SUSPENSION  (WET)  .040 

GRAPHITE/OIL  SUSPENSION  (DRY)  .233 


4.  ANALYSIS  OF  BEAM  RESPONSE  BY  THE  LUMPED  MASS  METHOD 

A  computer  program  has  been  implemented  on  the  University's 
VAX  11/780  computer  system  which  predicts  the  response  amplitude 
and  phase  angle  for  a  multibladed  disk  system  with  the  blades 
driven  at  the  tip  and  with  friction  dampers  at  the  platform  masses. 
This  program  assumes  the  blades  are  fixed  in  the  disk,  or  so 
firmly  clamped  that  energy  losses  at  the  interface  are  negligible 
and  are  included  in  the  blade  material  loss  factor.  In  essence, 
each  blade  is  assumed  to  be  a  lumped  mass  beam  consisting  of  two 
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modal  masses  supported  by  two  massless  cantilevered  flexural 
springs ,  with  friction  damping  applied  at  the  inboard  (platform) 
mass.  The  sketch  of  the  system  (Figure  15)  shows  that  the  blade 
system  is  very  nearly  the  analog  of  the  vibrating  beam  test 
arrangement,  the  differences  being  that  most  of  the  test  beam 
masses  are  distributed  in  the  flexural  springs  and  the  rub  block 
is  of  finite  mass  and  pin  supported  rather  than  being  an  infinite 
fixed  mass,  which  is  the  way  it  is  treated  in  the  computer 
analysis.  The  equation  o*  motion  was  represented  by  the  equations 
(References  12  to  20)  : 

fc,n  . 

ml  *1  +  ki^xi-x2^  +  — uT~  ( X1  ~  x2*  “  §.  cos 
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*2  +  k1(x2  -Xx)  +  k2  x2  +  V(x2-x1)+  -pp  x2  +  yNN  Sign  x 
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where  m^,  m2  are  the  modal  masses,  k^,  k2  are  the  modal  stiffnesses, 
r)  is  the  blade  material  loss  factor,  y  is  the  coefficient  of 
friction,  NN  is  the  normal  force,  S,  ca,  and  6  are  the  amplitude, 
frequency,  and  phase  angle  of  the  exciting  force.  The  response  of 
the  blade  will  then  be 


x1(t)  «  D  cos (ut  +  y) 
x2(t)  *  A  cos  (cat  +  a) 

where  D  and  A  are  amplitudes  and  a,  y  are  phase  angles  of  the 
response.  For  calculation  purposes  the  method  of  harmonic 
balance  is  applied  with  the  following  simplification  for  the 
nonlinear  friction  term 

yUN  Sign  <*2)  -  ^  y»N 


Sin(ut  +  o) 


The  computer  program  input  parameters  for  the  analytical 
solution  are:  the  two  modal  masses  (m^,  m2) ;  the  two  flexural 
spring  stiffnesses  (k^,  k2) ;  the  cantilevered  beam  loss  factor 
(n) ;  the  coefficient  of  friction  (y) ;  the  friction  surface 
normal  force  (NN) ;  and  the  amplitude  and  phase  of  the  forcing 
function  (£5,6)  .  The  program  solves  the  differential  equations 
of  motion  of  the  beam  using  an  iterative  numerical  process,  the 
output  data  set  consisting  of  the  amplitude  and  phase  angle  of 
the  outboard  (D,y)  and  inboard  (A, a)  masses.  The  number  of 
iterations  used  in  the  solution  and  the  degree  of  exactness  of 
the  solution  are  also  reported.  Limits  can  be  placed  on  the 
number  of  iterations  allowed  and  on  the  degree  of  exactness 
required  to  reduce  processing  costs.  Another  set  of  input 
parameters  is  the  frequency  range  to  be  covered  and  the  size  of 
the  intervals  within  that  frequency  range  at  which  solutions  are 
to  be  computed,  i.e.  a  frequency  sweep  is  made  with  solutions 
given  at  equal  increments  of  frequency  within  the  sweep  range. 

This  data  set  is  similar  to  our  laboratory  test  data  set  except 
that  the  frequency  sweep  is  incremental  rather  than  continuous. 

In  addition,  a  graphics  package  has  been  added  which  allows 
multiple  frequency  sweeps  to  be  plotted  on  a  single  figure  just  as 
in  our  multiple  record  data  sets  on  the  laboratory  X-Y  plotter. 
Pertinent  analytical  computer  program  output  data  plots  are 
presented  and  discussed  in  Section  5. 

The  input  data  parameters  used  in  the  computer  program 
runs  are,  first  of  all,  a  loss  factor  (n)  of  0.002  as  determined 
from  the  free  beam  tests,  and  secondly,  coefficients  of  friction  (y) 
of  0.24  and  0.19  as  determined  from  the  sliding  friction  tests. 

The  modal  constants  (m^,  m2,  k^,  k2)  can  be  derived  by  a  system 
of  equations  based  on  the  experimentally  determined  first  two 
bending  mode  resonances  of  the  beam  and  the  first  resonance  mode 
of  the  outboard  section  of  the  beam  when  the  platform  is  fixed. 

The  system  of  three  resonance  equations  containing  the  four  modal 
unknowns  yields  values  for  three  unknowns  in  terms  of  the  fourth 
unknown.  Any  one  of  the  four  can  be  estimated,  then  the  values  of 
the  other  three  are  determined.  A  mistake  in  the  first  estimate 
causes  an  error  in  the  two  amplitude  outputs.  It  does  not  affect 


the  frequency  response,  phasing,  or  relative  amplitude  of  the 
outboard  mass  displacement  to  the  inboard  mass  displacement. 
The  modal  parameters  used  for  the  analytical  computer  program 
data  presented  were  derived  using  resonance  frequencies  of 
68,  368,  and  160  Hz  for  f^,  f 2,  and  f3,  respectively,  and  the 
following  equations  derived  from  the  resonance  conditions: 

k1  =  (2irf3)2  *  1.01  x  106  m^ 
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2.73  x  105  m1 


nu 
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0.286  m.- 


The  value  of  m^  was  estimated  to  be  0.06  lb.  The  other  values  then 
became  m2  *  0.0172  lb.,  k ^  •  60600  lb/in.,  and  k2  *  16400  lb. /in. 

The  analytical  computer  program  also  has  an  option  for 
multiblade  solutions.  That  option  has  not  been  exercised  during 
this  effort  and  will  not  be  discussed  here.  It  is  hoped  to  get 
into  two-blade  with  interblade  friction  damping  testing  and 
theoretical  analysis  in  the  future. 


5.  PRESENTATION  AND  DISCUSSION  OF  RESULTS 

Six  sets  of  experimental  data  are  presented  for  laboratory 
blade  to  disk  friction  damping  tests  in  Figures  16  through  21. 
Figures  16  and  17  are  sine  wave  frequency  sweeps  for  the  straight 
platform  beam  with  the  rectangular  prism  rub  block  (see  Figure  1 
and  4),  first  with  bare  aluminum  friction  surfaces  (y  *  0.24), 

then  with  teflon  tape  covered  friction  surfaces  (y  «  0.19). 
Figures  18  and  19  are  for  the  straight  platform  beam  and  the 
tapered  rub  block  (see  Figure  1  and  4),  first  bare,  then  tape 
covered.  Figures  20  and  21  are  for  the  curved  platform  beam 
(see  Figure  5  and  6) ,  bare  then  tape  covered. 
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Each  of  these  graphs  shows  a  succession  of  sine  wave 
frequency  sweeps  imposed  on  the  tip  of  the  blade,  first  with  no 
rub  block  contact  to  the  platform,  then  with  the  rub  block  to 
platform  normal  force  increased  on  each  successive  sweep.  The 
frequency  range  covered  by  the  sweeps  is  from  40  to  200  Hz  and 
the  normal  force  loading  increments  covered  the  range  from 
0  to  471  grams  or  0  to  1.038  pounds.  The  vibrating  beam  tests 
are  summarized  below  in  Table  2. 


TABLE  2 

VIBRATING  BEAM  TEST  SUMMARY 


FIG. 

PLATFORM 

RUB  BLOCK 

COEFF.  OF 

Nn  for  opt. 

nn  FOR 

NO. 

SURFACE 

CONFIG. 

FRICTION 

DAMPING 

LOCK-UP 

16 

FLAT 

RECT.  PRISM 

0.24 

0.021  lb. 

0.784  lb. 

(9.5  gm) 

(356  gm) 

17 

FLAT 

RECT.  PRISM 

0.19 

0.048  lb. 

1.038  lb. 

(22  gm) 

(471  gm) 

18 

FLAT 

TAPERED 

0.24 

0.021  lb. 

0.784  lb. 

(9.5  gm) 

(356  gm) 

19 

FLAT 

TAPERED 

0.19 

0.034  lb. 

0.581  lb. 

(15  gm) 

(263.5  gm 

20 

CURVED 

CURVED 

0.24 

0.048  lb. 

0.784  lb. 

(22  gm) 

(356  gm) 

21 

CURVED 

CURVED 

0.19 

0.062  lb. 

0.784  lb. 

(28  gm) 

(356  gm) 

The  data  shown 

in  these  six 

figures  is 

qualitative  data 

in  that 

the  sensitivity  of  the  accelerometer 

instrumentation 

circuit 

and  the  exact 

value  of  the 

excitation 

i  force  were  not 

calibrated.  However, 

all  six  data 

sets  were 

recorded  with  exactly 

the  same  accelerometer  sensitivity  and  with  the  same  electrical 
drive  signal  imposed  on  the  excitation  transducer.  It  was 
necessary  to  change  the  setup  to  install  the  curved  platform 


2 


40  00  120  100 

Frequency  Hz 

Figure  16.  Vibration  Response  of  Straight  Platform  Beam  with 
Rectangular  Rub  Block  -  n-0.24. 


Figure  17.  Vibration  Response  of  Straight  Platform  Beam  with 
Rectangular  Rub  Block  -  p«0.19. 


Figure  18.  Vibration  Response  of  Straight  Platform  Beam  with 
Tapered  Rub  Block  -  11*0.24. 


Figure  20.  Vibration  Response  of  Curved  Platform  Beam  with 
Curved  Surface  Rub  Block  -  y=0.24. 


Figure  21.  Vibration  Response  of  Curved  Platform  Beam  with 
Curved  Surface  Rub  Block  -  n=0.19. 


and  curved  rub  block  to  acquire  the  data  sets  shown  in 
es  20  and  21.  There  may  have  been  some  slight  differences 
e  location  of  the  accelerometer,  excitation  disk,  and 
transducer  for  these  last  two  data  sets,  but  geometric 
rences  were  minimized  to  the  extent  that  was  possible  and 
ata  was  normalized  at  the  first  bending  mode  response  level, 
urved  platform  beam  has  slightly  different  resonance 
encies  than  the  straight  platform  beam,  but  the  differences 
ess  than  five  percent. 

The  similarities  in  the  six  sets  of  data  are  great.  They 
how  that  maximum  damping  and  minimum  blade  response  occur 
ry  low  normal  force  loading  of  the  friction  surface  for  this 
configuration.  Blade  response  is  very  low  for  this  condition, 
ing  as  little  as  one  percent  of  the  response  of  the  unrestricted 
As  the  normal  force  loading  on  the  rub  block  is  increased, 
aint  is  imposed  on  the  blade  platform.  The  blade  begins  to 
ct  as  a  cantilever  from  the  restrained  platform  with  damping 
asing  and  response  therefore  increasing  as  more  and  more 
aint  is  imposed  on  the  platform  by  the  increasing  normal  force 
ng.  The  response  reaches  a  maximum,  at  the  first  mode  resonance 
ency  of  the  beam  section  outboard  of  the  platform,  for  normal 
loadings  in  the  range  from  0.5  to  1.0  pound  (227  to  454  grams) 
he  six  test  conditions  shown  in  these  figures.  It  is  assumed 
the  platform  is  fully  restrained,  or  "locked  up",  at  this 
tion  with  no  lateral  motion  taking  place.  It  is  believed 
some  slight  platform  rotation  occurs  and  that  this  is  the 
n  that  this  resonance  shifts  frequency  to  about  140  Hz  from 
60  Hz  resonance  that  occurs  with  the  platform  fully  clamped, 
asing  the  normal  force  loading  beyond  the  lock-up  force  does 
roduce  an  appreciable  effect  on  the  beam  response. 

In  addition  to  the  data  presented  here,  a  similar  set  of 
was  collected  over  the  frequency  range  from  50  to  500  Hz, 
lustrated  in  Figure  10.  That  data  showed  that  the  second 
ng  mode  vibration  response  at  368  Hz  was  reduced  to  the  same 
t  as  the  first  bending  mode  response  at  68  Hz  by  the  intro- 
on  of  friction  damping  at  the  platform.  The  data  set  for  the 
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frequency  range  of  40  to  200  Hz  was  generated  for  this  report 
because  it  is  more  easily  interpreted  in  the  range  from  65  to 
145  Hz,  the  range  in  which  the  friction  damping  phenomena  are 
illustrated  most  clearly. 

If  Figures  16  and  17  are  compared  the  effects  can  be  seen 
of  the  lower  coefficient  of  friction  obtained  by  applying  teflon 
backed  tape  to  the  mating  platform  and  rub  block  surfaces.  These 
effects  are:  first,  a  slightly  higher  normal  force  loading  is 
required  to  obtain  minimum  response  at  the  blade  tip;  and  second, 
a  lower  blade  tip  response  occurs  at  the  platform  lock-up 
condition,  which  also  requires  a  higher  normal  force  loading.  The 
first  of  these  effects  is  due  to  the  reduction  of  the  coefficient 
of  friction  (y)  from  0.24  to  0.19,  a  21  percent  reduction.  The 
second  effect  is  believed  to  be  due  to  the  deunping  of  the  teflon 
backed  tapes  adhesive  layer.  Figure  22  illustrates  this  effect. 
Frequency  sweeps  were  made  at  four  different  conditions  using 
the  curved  surface  beam  and  rub  block.  The  first  sweep  recorded 
the  response  of  the  beam  with  the  platform  unrestrained.  The 
blade  was  then  clamped  across  the  platform  in  a  heavy  parallel 
jaw  machinist  vise  to  obtain  the  first  mode  resonance  peak  of 
the  blade  outboard  of  the  platform.  The  third  and  fourth  sweeps 
were  with  no  normal  force  and  one  pound  (454  grams)  normal  force 
applied  to  the  rub  block  which  was  fastened  to  the  platform  with 
a  0. 003:.lnch  layer  of  Soundcoat  MN  viscoelastic  damping  m&terial. 
This  simulated  the  lock-up  condition  observed  during  tests 
conducted  with  teflon  tape.  The  responses  of  the  tip  to  the 
excitation  during  the  two  sweeps  with  the  platform  viscoelastically 
damped  were  virtually  identical  indicating  that  the  two  thin 
layers  of  tape  adhesive  contributed  to  the  increased  damping  at 
or  near  the  platform-disk  lock-up  condition.  The  same  effects 
can  be  seen  if  the  data  shown  in  Figures  18  and  20  are  compared 
with  that  shown  in  Figures  19  and  21,  respectively.  Further 
reduction  of  the  coefficient  of  friction  by  other  treatments  of 
the  mating  friction  surfaces  would  be  expected  to  increase  the 
normal  force  loading  required  for  minimal  response  and  for  lock-up 
of  the  platform. 


Figure  22.  Vibration  Response  of  Curved  Platform  Beam  with  Curved 
Surface  Rub  Block  -  Viscoelastic  Damping  Layer. 


Figures  23  through  28  show  the  results  of  runs  of  the 
lumped  mass  blade  vibration  computer  program.  These  figures 
show  frequency  sweeps  obtained  by  taking  computer  solutions  at 
one  Hz  intervals,  over  the  range  from  40  to  200  Hz,  for  lumped 
mass  blades  having  the  correct  mass  and  stiffness  ratios  to 
have  first  and  second  bending  mode  resonances  at  68  and  370  Hz 
and  a  clamped  platform  first  resonance  at  160  Hz.  The  zero 
friction  damping  condition  and  nine  conditions  of  normal  force 
loading  are  shown  on  each  of  the  six  figures.  Figures  23  and 
24  show  the  results  for  blades  that  have  a  total  hysteretic 
damping,  in  the  blade  material  and  the  root  clamp,  equivalent  to 
a  loss  factor  (n)  of  0.002.  Figure  23  shows  the  results  for  a 
coefficient  of  friction  (y)  of  0.24  (  for  bare  aluminum)  and 
Figure  24  for  a  y  of  0.19  (teflon  tape  covered).  If  these  two 
figures  are  compared  it  can  be  seen  that  the  minimum  response 
occurs  at  a  lower  normal  loading  force  (NN)  on  the  friction 
surfaces  for  the  higher  coefficient  of  friction  data.  This  is 
equivalent  to  the  result  shown  in  the  experimental  data. 

Figures  25  and  26  show  similar  data  but  with  n  increased 
an  order  of  magnitude  to  0.02.  For  Figures  27  and  28  n  was 
increased  another  order  of  magnitude  to  0.2.  The  data  from  these 
latter  four  figures  show  the  same  trends  as  Figures  23  and  24 
but  the  peaks  are  depressed  and  broadened  as  would  be  expected 
by  the  increased  hysteretic  damping. 

These  response  curves  were  calculated  for  a  one  pound  sine 
wave  excitation  force.  The  data  in  all  six  figures  show  that 
minimum  response  of  the  beam  (blade)  occurs  when  the  friction 
damping  force  (yxN^)  is  equal  to  or  just  slightly  higher  than 
the  excitation  force  of  one  pound.  They  also  show  that  this 
effect  is  independent  of  the  hysterectic  damping  (n)  and  of  y  and 
Njj  taken  separately.  This  result  would  seem  to  have  implications 
for  all  turbine  blade  friction  deunping  mechanisms  in  that  the 
normal  force  (N^)  is  usually  induced  by  centrifugal  loading  and 
is  often  very  much  greater  than  the  excitation  force.  The 
coefficient  of  friction  (y)  should  be  minimized  then  to  obtain 
optimal  friction  damping  and  the  normal  force  should  be  minimized 
as  much  as  possible. 
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Figure  23.  Computed  Vibration  Response  of  Lumped  Mass  Beam 
with  n«0.002,  p=0.24. 
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Figure  27.  Computed  Vibration  Response  of  Lumped  Mass  Beam 


In  some  cases,  i.e.  no  excitation  of  higher  modes,  it  is 
only  necessary  to  obtain  the  optimal  friction  damping  force  or 
greater  to  eliminate  the  low  frequency  mode.  This  set  of  data 
shows  that  it  should  not  be  difficult  to  accomplish  this  except 
in  the  case  where  the  excitation  force  is  very  high.  Even  in 
that  case  a  friction  damper  mechanism  should  be  able  to  reduce 
the  first  mode  response  peak  to  an  acceptable  level. 

6 .  CONCLUSIONS 

The  following  conclusions  are  drawn  concerning  the  friction 
damping  program  effort: 

1.  A  useful  experimental  system  was  devised  for  conducting 
friction  damping  studies  simulating  the  blade  platform 
to  disk  friction  damping  mechanism; 

2.  A  successful  method  was  devised  for  measuring  the 
coefficient  of  friction  at  the  appropriate  test  condition; 

3.  The  lumped  mass  blade  vibration  analysis  was  implemented 
successfully  on  the  VAX  computer  system  and  a  plotting 
routine  was  developed  for  the  presentation  of  the 
computed  results; 

4.  For  the  tested  blade  configuration  optimal  friction 
damping  for  platform  to  disk  damping  of  the  blade  first 
and  second  bending  mode  vibrations  occurred  when  the 
friction  damping  force  (yxN^)  was  equal  to  or  slightly 
greater  than  the  excitation  force; 

5.  Variation  of  the  hysteretic  damping  loss  factor  (n)  in 
the  lumped  mass  computer  analysis  or  of  the  damper  block 
mass  and  configuration  (rectangular,  tapered,  curved)  in 
the  experimental  test  do  not  significantly  affect  the 
result  expressed  above  in  Conclusion  4; 

6.  The  accuracy  of  the  analytical  method  needs  to  be 
further  evaluated  by  performing  experiments  where  the 
oscillating  harmonic  excitation  force  and  the  displacement 
amplitudes  are  measured.  Other  blade  configurations  also 
should  be  evaluated. 


7.  The  lumped  mass  analysis  is  useful  for  predicting  the 
responses  of  blade  systems  for  which  the  modal  parameters  can  be 
measured.  It  would  be  useful  for  design  purposes  only  if  the 
required  input  modal  parameters  could  be  estimated  accurately. 

7 .  RECOMMENDATIONS 

In  view  of  the  conclusions  drawn,  it  is  suggested  that 
additional  studies  be  conducted  in  this  area.  This  additional 
investigation  should  include,  but  not  necessarily  be  limited  to: 

•  analytical  and  experimental  study  of  single  blades 
excited  by  higher  external  forces, 

•  analytical  and  experimental  study  of  responses  of 
blades  having  similar  spanwise  ratios  but  having  higher 
and  lower  mass-stiffness  ratios,  and 

•  analytical  and  experimental  study  of  interblade  friction 
damping  using  two  blades  and  an  inter-platform  friction 
damper.  Variables  in  this  study  should  include  not  only 
the  friction  force  but  also  the  relative  excitation 
forces  and  excitation  phase  relationships. 

It  is  recommended  that  all  experimental  work  undertaken  in 
the  future  be  quantitative  as  well  as  qualitative. 

It  is  recommended  that  the  lumped  mass  analysis  be  compared 
to  a  simplified  finite  element  analysis  for  accuracy  and  for  cost 
effectivity  (University  of  Dayton  and  Carnegie-Mellon  University 
each  have  a  simplified  finite  element  analysis  applicable  to 
this  problem) . 

It  is  recommended  that  further  studies  be  performed  on  the 
lumped  mass  analysis  computer  program  to  improve  its  accuracy  and 
cost  effectiveness.  These  studies  should  make  use  of  a  finite 
element  model  to  discretise  the  beam  and  from  this  arrive  at  the 
modal  parameters  for  the  lumped  mass  program.  The  solutions  of  the 
lumped  mass  program  are  the  modal  amplitudes  which  should  be 
transformed  into  structural  amplitudes  by  suitable  matrix 


transformation.  Thus,  a  "hybrid”  finite-element  lumped  mass 
computer  program  should  be  developed  which  should  have  the 
beneficial  advantages  of  both  the  lumped  mass  method  and  the 
finite  element  analysis.  This  should  provide  very  economical 
computer  program  running  costs,  especially  for  the  multiblade 
analysis.  This  should  also  improve  the  quantitative  accuracy 
of  the  lumped  mass  method. 
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